Two groups of six patients were studied during light general anaesthesia using 2% enflurane and 66% nitrous oxide in oxygen, combined with regional anaesthesia, for hernia and varicose vein surgery. The effects of 3% enflurane were compared with those of fentanyl 0.3ngkg~'i.v., by measuring inspired flow, tidal volume, the timing of inspiration and expiration, and occlusion pressure. Three per cent enflurane decreased ventilation by 12%. Tidal volume, m«n inspiratory flow and occlusion pressure were decreased in approximately equal proportions (14, 12 and 8%, respectively). The timing of breathing did not change significantly. Fentanyl did not influence tidal volume. Ventilation was decreased by 28% as a result of a 10% decrease in inspiratory flow and a marked increase in the duration of expiration by 45%. The pattern of activation of the inspiratory muscles, as indicated by occlusion pressure, was changed by fentanyl. During enflurane and nitrous oxide anaesthesia, depression of ventilation by fentanyl or increases in enflurane concentration was not by a common central depressant mechanism.
Although anaesthetics and other drugs that decrease ventilation are usually thought to act by central depression, other mechanisms have been suggested. This study compares the changes in the pattern of breathing induced by two depressant agents, a volatile anaesthetic and an opiate, so as to investigate possible modes of action. Recently developed noninvasive techniques for assessing the control of breathing have been used.
Current concepts of the control of breathing consider respiratory centre output in terms of "drive", which is the increasing intensity of neural activation of the respiratory muscles during inspiration, and the "timing" of inspiration and expiration (7l and TE) since these seem to be the primary factors that arc controlled (Gautier, 1980) . Increasing activation of the respiratory muscles results in a progressive increase in lung volume, which is often expressed as the mean inspiratory flow rate (VT/ Tl). The generation of this change in volume by neural input to the muscles depends upon factors such as the length of the muscle fibres and the stiffness and flow resistance of the respiratory system. These factors may be quantified by relating the degree of muscle activation with resulting change in volume. A useful index of inspiratory muscle activation may be obtained by occlusion of the airway and measurement of the resultant de- crease in airway pressure as the inspiratory muscles contract isometrically. The ratios of occlusion pressure to inspired volume at equivalent times during, and at the end of, inspiration are termed effective impedance (when flow is present) and elastance (when flow has stopped), and can be used to assess the transformation of neural output into ventilation, and hence assess and predict the mechanical performance of the active respiratory system (Derenne et al., 1976; Siafakas et al., 1981) .
Using this technique, central drive, respiratory timing and ventilation were assessed separately and their relationships compared after depression of ventilation with either additional enflurane or fentanyl, and the pattern of action of these agents assessed.
PATIENTS AND METHODS
Two groups, each of six patients, were studied during surgery for repair of an inguinal hernia or ligation of varicose veins. The study was approved by the local Ethics Committee. All the subjects received temazepam 20 mg orally 1 h before anaesthesia. Spinal or extradural anaesthesia was induced to produce absence of sensation of pinprick up to the 8th-11th thoracic dermatome. General anaesthesia was then induced with either etomidate 20 mg or propanidid 500 mg i.v. and a tracheal tube placed with the aid of suxamethonium 70 mg. The patients breathed enflurane from the same, recently calibrated, vaporizer (Enfluratec, Cyprane) using 66% nitrous oxide in oxygen as the carrier gases. The mixture was inspired from a T-piece system through a large-bore tap, low resistance non-rebreathing valve (Ambu Hesse) and screen pneumotachograph (Mercury Electronics). Airway pressure and flow were measured with Furness micromanometers (MDC1) and recorded with an ultraviolet galvanometer recorder . Measurements were started after more than 20 min of stable anaesthesia. Each measurement consisted of a recording of three normal breaths followed by a single inspiratory attempt when the tap had been turned to occlude the valve port.
In the enflurane group (E) two inspired concentrations of enflurane were used. Three patients received first 2% enflurane for 20 min, and then ventilation and occlusion pressure were measured at 30-s intervals for 2 min. The inspired concentration was increased to 3% and the same measurements repeated IS min later. Preliminary observations showed that a new stable ventilatory state was reached within this time. In the other three patients, 3% enflurane was administered initially, and the 2% enflurane subsequently.
In the fentanyl group (F), 2% enflurane was given for at least 20 min, followed by five measurements at 30-s intervals. After fentanyl 0.3 fig kg" 1 i.v., measurements were made at 30-or 60-s intervals for 4 min. This dose was chosen to cause an immediate decrease in ventilation similar to the decrease caused by 3% enflurane.
The recordings were digitized using a digitizing board (Summagraphics Bit Pad One) and computer (CBM PET 3032) and the following values measured: inspired volume each 0.1s from the start of inspiration (V 0 .i, Vbj etc.) up to Is, tidal volume ( VT), duration of inspiration and expiration ( Tl and TE), occlusion pressure each 0.1 s from the start of the inspiratory attempt (P 0 .i, P 0 . 2 etc.), rrnnrimnm occlusion pressure (Pm^), and duration of occluded inspiration and expiration (Tt° and TE°). The mean values for the three normal breaths preceding the occlusion were calculated. From these values, and the occluded breath, values for P0.5/V0.5, PnaJVT, V0.3/VI.0, Po.ilP\.o, VT/TI and ventilation (as VT. 60/(Tl + TE)) were obtained. Statistical comparison was with paired or unpaired two-tailed Student t tests as appropriate.
RESULTS

Enflurane
Details of the patients are shown in table I. The enflurane and fentanyl groups were comparable in age, height and weight, except for one patient in group E who was obese. The effects of 2% and 3% enflurane are given in table II. The timing of respiration did not differ with the two concentrations and was not influenced by occlusion at either concentration. Tidal volume, mean inspiratory flow rate and minute volume were decreased significantly in nearly equal proportions (mean decreases of 14, 12, and 12%, respectively). The obese subject studied had the least ventilation, and in this subject, TE was significantly longer with 3% enflurane, and VT and VT/T1 did not decrease.
Effective impedance (Po.s/Vo.j) and elastance (PHMJVT) did not differ between 2% and 3% enflurane (table III) . Although the amplitudes of the volume and occlusion pressure waveforms were less during 3% enflurane, their relative shapes did not alter, as shown by constant ratios of Vo.s/Vi.o and Po.iJPi.o-The mean waveforms for the six patients during the first 1 s of inspiration, as a fraction of the amplitude at 1 s, are shown in figure 1. The pressure wave was concave towards the time axis, whereas the volume wave was almost linear.
Fentanyl
Before the administration of fentanyl, group F resembled group E breathing 2% enflurane. The administration of fentanyl caused a rapid increase in TE and decrease in Vl ( fig. 2) . Ventilation decreased to a minimum at 60 or 90 s, whereas TE continued to decrease for the duration of the observations. For comparison with breathing before fentanyl, the means of measurements at 90, 120 and 150 s were taken (table IV) . Tl did not increase significantly, whereas *TE increased significantly, by an average of 45%. Occlusion did not influence respiratory tinting either before or after fentanyl. Tidal volume did not change, but VT/Tl decreased significantly by a mean of 10%. Because 1 of the increase in TIE, inspired minute v61ume was decreased by a greater proportion, an average of 28%.
Changes in effective elastance and impedance, and the shape of the volume and occlusion pressure waveforms, were more evident than with enflurane, but did not achieve significance (table III) . Mean volume and pressure waveforms, as proportions of the values at 1 s, are shown in figure 1 .
A change to a biphasic inspiratory flow pattern was noted after fentanyl in some patients. This was consistent in three patients and intermittent in a further patient, and caused a "step" in the volume wave. Representative waveforms from a single patient are shown in figure 3. A more exaggerated example of this phenomenon was seen in a preliminary experiment to assess the optimal dose of fentanyl, when a patient was given fentanyl 0.5 fig kg~l. Dissociation of rib cage and abdominal wall movement was seen. Inspiration started with rib cage expansion and inwards movement of the abdominal Wall. As the inspiratory flow from this movement started to decrease, a second increase in flow occurred associated with abdominal expansion and inwards movement of the rib cage, suggesting that intercostal muscle action preceded diaphragmatic contraction.
DISCUSSION
Methods
The study was undertaken during surgery but, since effective local analgesia was present in all patients, changes resulting from surgical stimulation are unlikely to have influenced the findings. Local analgesia also allowed the studies to be undertaken during light anaesthesia and the results may not be comparable to those obtained in patients more deeply anaesthetized and during surgery (Polacheck et al., 1980; Wahba, 1980) . Abdominal muscle paralysis could have influenced the results since abdominal muscle action during expiration can be detected by means of the occlusion pressure technique in about 50% of patients anaesthetized with 2% enflurane (unpublished observations). However, since sensory blockade extended on average to T10, motor block in the abdomen was not likely to have been extensive. Occlusion pressure cannot be used to compare neural activation of inspiratory muscles unless the initial length of the muscles remains the same on each occasion (Eldridge, 1975) . A change in configuration of the muscles is unlikely with different enflurane concentrations. However, fentanyl can increase abdominal muscle activity (Sokoll, Hoyt and Gergis, 1972) , and this could act to increase the initial length of the inspiratory muscles. For the same degree of neural activation, a greater force, and hence occlusion pressure, would be generated and the central depressant effects of fentanyl underestimated (Eldridge and Vaughn, 1977) .
Occlusion pressure represents the sum of activity of all the inspiratory muscles. If the diaphragm were to be activated in the absence of intercostal activity, it would shorten as the ribcage was drawn in. The developed occlusion pressure would be less than with an isometric contraction. Consequently, if the muscles are activated asynchronously, as may occur after fentanyl (see below) then the central depressant action of fentanyl would be overestimated. Nevertheless, in either circumstance, the relationship between occlusion pressure and volume change would still indicate the mechanical behaviour of the respiratory system, since occlusion pressure should remain in index of the potential force available.
Comparison of the depression caused by the two agents is not simple. An increase in inspired concentration from 2% to 3% was chosen arbitrarily because it was a practical manoeuvre, with remarkably consistent effects and obvious clinical relevance. End-tidal sampling and analysis to allow known alveolar concentrations to be compared, would have been more exact, but was not possible.
Preliminary trials were undertaken to estimate the dose of fentanyl required to produce a similar depression of ventilation. Hug and McLain (1980) , in almost identical clinical conditions, found that depression by fentanyl was proportional to log dose. The dose chosen in the present study, and the resultant depression, are in agreement with their data.
When the inspired concentration of enflurane was increased, a new steady state of decreased minute volume, and presumably alveolar ventilation, was obtained surprisingly quickly. Measurements of end-tidal or arterial PCO2 were not made, but presumably P&CO2 would be greater during 3% enflurane administration, and PAN 2 O slightly less.
However, a steady state is unlikely to be achieved after fentanyl, since several changes would result, and occur at different rates. First, the blood and brain concentrations of fentanyl would be changing, and hence the depressant influence would not be constant. Second, as a result of a decrease in alveolar ventilation, the alveolar concentrations of nitrous oxide and more importantly, of enflurane, would decrease. Alveolar PCO2 would increase, causing changes in blood composition that would tend to increase ventilatory drive.
Fentanyl was chosen as the opiate to be studied, because of its rapidity of action (Downes, Kemp and Lambertsen, 1967; Harper et al., 1976; Drummond, Davie and Scott, 1977) so that the ventilatory effects could be assessed before these secondary effects had a marked influence. Fentanyl is likely to have the same spectrum of actions as morphine, since in animals they have similar subjective actions that can be distinguished from other types of opioid (Schaeffer and Holtzman, 1977) . The values that were used for comparison with breathing before the administration of fentanyl were taken over a short period of time to limit the effect of changing brain concentrations of fentanyl. The time period chosen for comparison was when ventilation and mean inspiratory flow had become least. Later changes in ventilation were caused by progressive changes in timing of breathing.
Results: timing of respiration
Respiratory timing was not changed by the greater inspired concentration of enflurane. Wahba (1980) found that, although respiratory frequency was not altered, the relative duration of inspiration increased as the inspired concentration of enflurane was decreased from 3% to 1%.
Information about the effects of opiates on the components of respiratory timing is sparse. In conscious volunteers, morphine i.m. decreased respiratory frequency in 70% of subjects, with an average decrease of 10% (Dripps and Comroe, 1945) . Jennet, Barker and Forrest (1968) found that morphine, pentazocine or phenoperidine did not importantly influence respiratory frequency in conscious volunteers, morphine i.m. decreased respiratory frequency in 70% of subjects, with an ticularly after phenoperidine, with increases in TE. Rigg and Rondi (1981) showed that morphine increased both Tl and TE and that when respiration was stimulated by carbon dioxide rebreatbing, Tl and TE decreased less after morphine. However, the relative duration of Tl and TE remained constant, indicating that ventilation was decreased by a decrease in inspiratory flow rate alone. They suggested that this was likely to be a universal mode of action of depressant drugs.
In contrast, this study demonstrates that in anaesthetized man, fentanyl decreases ventilation, not only by decreasing inspiratory flow rate, but also by reducing the relative duration of inspiration in the breathing cycle (71/TM), confirming and elaborating observations in man (Prys Roberts and Kelman, 1967) and in cats (Younes and Youssef, 1978) .
Duration of occluded breaths
As lung volume increases during inspiration, pulmonary stretch receptor activity increases, and a "volume signal" is fed back to the medulla via vagal afferents which end in the nucleus tractus solitarius. This activity summates with other influences to bring about the end of inspiration, in the classical Hering-Breuer inspiration-inhibitory inflation reflex (von Euler, 1977) . During airway occlusion, the volume increase does not occur, pulmonary stretch receptor activity increases minimally, and inspiration is prolonged, if the reflex is active (Grunstein, Younes and Milic Emili, 1973) . The present results suggest that "volume feedback" is not important in anaesthetized man, confirming findings with other volatile anaesthetic agents in cats (Ngai, Katz and Farhie, 1965; Gregoretti, Drummond and Milic Emili, 1979; Mazzarellietal., 1979; Nishino and Honda, 1980) and in man (Paskin, Skovsted and Smith, 1968) . However, they do not accord with the report of Polacheck and colleagues (1980) who studied patients anaesthetized with 1.5-3% enflurane during surgery and found that TV was significantly greater than Tl in 12 of 19 normal patients.
Fentanyl does not seem to exert an influence by means of volume-related reflexes either, since, after fentanyl, Tl and TE were not influenced significantly by occlusion.
It may be that fentanyl augments and maintains the activity of the inspiratory "off switch", which ends inspiration and inhibits inspiratory neurone activity during expiration (Knox, 1973) . This "off switch" activity of the nucleus tractus solitarius (von Euler et al., 1973) could be increased in the same way as fentanyl increases the activity of cardiovascular neurones in the same nucleus (Laubie and Schmitt, 1980) . Such an effect would result in a decrease in Tl and increase in TE, as observed immediately after fentanyl was given.
Moss and Scarpelli (1981) administered 0-endorphin into the cisterns magna in dogs and noted effects on both drive and timing which had maximal effects at different times and different durations. Tidal volume and occlusion pressure decreased first, and the effects on timing of the occluded breaths occurred later, and lasted longer. These were a reduction in T\ and increase in TE. In these respects, these results correspond with those of the present study. However, after vagotomy, the administration of endorphin did not increase the duration of TE after occlusion, suggesting that in the dog opioid agents may act by influencing vagal reflexes.
Retpiratory muscle action
Both enflurane and fentanyl decreased the rate of activation of the respiratory muscles, as shown by a decrease in the occlusion pressure, and decreased the rate of inspiration. Effective impedance and elastance, which indicate the overall mechanical behaviour of the respiratory system, and the waveforms, indicating the temporal pattern of activation, were remarkably constant during enflurane anaesthesia ( fig. 1) .
These findings are in accord with animal studies where depression or stimulation of ventilation is associated with changes in occlusion pressure, but the relationship of occlusion pressure and volume is not altered, suggesting that ventilation is not influenced by mechanical factors that could influence transformation of muscle activity into volume change (Goldberg and Milic Emili, 1977; Bopp et al., 1979) .
In contrast, in anaesthetized man, and in conscious subjects given depressant drugs, changes in the relationship of occlusion pressure with ventilation have been reported that could impair ventilation (Derenne et al., 1976; Knilletal., 1976; Kryger et al., 1976; Wahba, 1980) or could offset some of the central depression (Clergue et al., 1981; Drummondetal., 1982) .
Fentanyl had an additional ventilatory depressant effect, by decreasing the relative duration of inspiration. It also changed the shape of the occlusion pressure wave in four of the six subjects, suggesting that the pattern of generation of inspiratory activity was altered. Observation of respiratory movements showed a dissociation of ribcage and diaphragmatic contribution to the inspiratory effort. No such changes were seen with depression by enflurane.
These observations on the influence of enflurane do not agree with those of Vahba (1980) who found that effective elastance was greater at greater inspired concentrations of enflurane.
The relationship between the muscle action and volume inspired can be expressed graphically in a representative subject by plotting occlusion pressure against inspired volume, at equivalent times from the onset of inspiration, giving an "effective" pressure/volume plot (fig. 4) .
The plots for 2% and 3% enflurane are different. However, the following analysis suggests that this difference is caused entirely by a decrease in driving pressure and not by other factors.
The equation for the relationship between driving pressure, tidal volume and flow at any time during inspiration can be expressed:
2O
where P°,, V,, and V, are occlusion pressure, tidal volume and inspiratory flow at time t during inspiration, and Is'rs and i?'rs the effective elastance and resistance of the respiratory system (Siafakas et al., 1981) . Since the durations of occluded and control breaths are the same, effective elastance can be expressed as P^^J VT. This allows a simplification of the method used by Siafakas and co-workers (1981) in assessing the relationship of occlusion pressure with flow and volume in anaesthetized cats.
The effective elastance line, indicated by the interrupted straight line from the origin ( fig. 4) defines the pressure associated with tidal volume. There is very little difference between the elastances during 2% and 3% enflurane, but the pressurevolume plot deviates markedly from this line during inspiration because additional pressure is generating flow. With 3% enflurane inspiratory flow is less and the plot deviates less from the elastance line.
This reasoning can be confirmed by relating flow with the pressure associated with it. Substituting •Pmx/ VT for E'TS and rearranging:
-P°, -(P«*JVT). V, = R'rs V,
The linear regression relationships between the pressure -P°, -{Pmaj VT) V, and the flow over 0.1 -s time periods for 1 s from the start of inspiration are shown in figure 5, during 2% and 3% enflurane. These relationships are highly significant and not significantly different at the two concentrations, indicating that no change in effective resistance has occurred. However, the linear regression lines do not pass through the origin of the plot, either because the pressure/flow relationship is non-linear (Cotes, 1975) or because the lower flow values occur at the end of inspiration when lung volume will be greater and airway resistance less. At 200 ml s" 1 , the "effective" resistance is 0.88 kPa litre" 1 s. This analysis suggests that, although there are differences in the occlusion pressure/volume plots, no change in either elastance or resistance has occurred, and implies that a decrease in occlusion pressure is solely responsible. When occlusion pressure and inspiratory flow do not change smoothly, as after fentanyl, analysis of this sort becomes complex, and suggests that values such as P o 5/ V 0 . 5 do not provide useful assessment of the transformation of muscle action into volume and flow. In this study, the relative contribution of ribcage and abdominal movements to ventilation was not assessed. More depression of ribcage than abdominal movement occurs during halothane anaesthesia (Tusiewicz, Bryan and Froese, 1977) and after morphine in conscious subjects (Rigg and Rondi, 1981) . Rigg and Rondi suggested that the decrease in ribcage movement was appropriate for the reduction in tidal volume in their subjects, and argued that morphine did not have different neural effects on phrenic and intercostal neurone groups. However, in the circumstances of the present study, a differential effect seems to be apparent. This could be because, in the presence of nitrous oxide, fentanyl increases abdominal muscle activity (Sokoll, Hoyt and Gergis, 1972) and could also increase intercostal activity, probably by depression of monosynaptic spinal cord reflexes (Sugai, Maruyama and Goto, 1982) .
An alternative explanation of this differential effect could be the separation of neural output to intercostal muscles and the diaphragm in the medullary respiratory centres, with inspiratory neurones of the nucleus retroambigualis projecting mainly to the thoracic cord (Merrill, 1970) . This may be an anatomical basis for a difference in the effect of fentanyl on the action of the two groups of muscles.
Dissociation of inspiration into a ribcage movement followed by a diaphragmatic action, may be related to the clinical observation that diaphragmatic action, and inspiration, can be "triggered" by a slight lung inflation, in anaesthetized patients made apnoeic by an inadvertent overdose of opiate. It is of interest that "Head's paradoxical reflex", which resembles this phenomenon, was described by Hammouda and Wilson (1935) in dogs treated with morphine.
In conclusion, although enflurane appears to act by decreasing respiratory motor neurone activity alone, fentanyl may also influence the pattern of activation of the inspiratory muscles, and the timing of the phases of respiration. Prolongation of expiration may be of importance when a T-piece system is used, allowing a reduction of fresh gas flow to near minute volume without rebreathing (Gabrielson et al.,1980 
SUMARIO
Se estudiaron dos grupos de seis padentes cada uno durante el transcurso de anestesia general ligera, en la que se utilizo enflurano al 2% y oxido nitroso en oxigeno al 66%, en combinacion con anestesia local, para fines de Lntervenci6n quinirjica de hernia y de varices. Se compararon los efcctos de enflurano al 3% con los de 0,3 ngkg" 1 de fentanilo intravenoso, midiendo el flujo aspirado, el volumen espirado, los tiempos de aspiradon y de espiradon y la presion de odusidn. El enflurano al 3% disminy6 la ventilacion en un 12%. El volumen de espiracion, el flujo aspiratorio medio y la presi6n de oclusi6n disminuyeron en iguales proporciones aproximadamente (14, 12 y 8 por dento respectivamente). Los ritmos de la respirad6n no cambiaron de forma significativa. El fentanilo no ejerci6 influencia alguna sobre el volumen de espiracion. La ventilacion disminuyo en un 28% como consecuencia de una disminudon del 10% en el flujo aspiratorio y de un incremento notable de la durad6n de espiracion en un 45%. El modelo de activadon de los musculos de aspiradon, tal y como indica la presion de ochision, cambio a causa del fentanilo. La depresion de la ventilacion causada por el fentanilo o el aumento en el enflurano, durante la anestesia por enflurano y oxido nitroso, no tuvo lugar como consecuencia de un mecanismo depresivo central y comun.
